We have constructed a genomic library of Neurospora crassa DNA in a cosmid vector that contains the dominant selectable marker for benomyl resistance. The library is arranged to permit the rapid cloning of Neurospora genes by either sib-selection or colony-hybridization protocols. Detailed procedures for the uses of the library are described. By use of these procedures, a modest number of unrelated genes have been isolated. The cloning of trp-3, the structural gene for the multifunctional enzyme tryptophan synthetase (tryptophan synthase, EC 4.2.1.20), is reported in detail; its identity was verified by restriction fragment length polymorphism mapping. The strategies described in this paper should be of use in the cloning of any gene of Neurospora, as well as genes of other lower eukaryotes.
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The filamentous fungus Neurospora crassa has been an extremely useful organism for studying basic genetic mechanisms, biochemical pathways, and cellular physiology. N. crassa possesses a number of features that should also make it an excellent subject for molecular studies of fundamental eukaryotic processes. These include a small haploid genome [27, . 2), extensive knowledge of its metabolism and nutrition, and the emergence of useful systems for genetic transformation (3) (4) (5) (6) . Despite the attractive features borne by N. crassa, progress in molecular investigations of its biology have been hindered by the lack of a rapid general method for isolating specific genes of interest. A variety of approaches for the isolation of genes from N. crassa have been used successfully, though each has serious limitations that prevent its general utility. These methods include complementation of Escherichia coli mutants to select genes for metabolic functions (examples in refs. [7] [8] [9] [10] , hybrid selections (11, 12) , and screening of genomic libraries with synthetic DNA probes (13) . Recovery of plasmid sequences from N. crassa transformants would seem to be the most desirable approach toward the isolation of a given gene. Transformation of N. crassa, however, generally results in nonhomologous (often multiple) integration of transforming sequences (refs. 3, 6 , and 14-16; unpublished results). The recovery of freely replicating plasmids from N. crassa is currently neither faithful nor frequent enough to make this a practical strategy for use in gene cloning (17) (18) (19) (20) .
Recently, Akins and Lambowitz (6) described a sibselection procedure that takes advantage of some improvements in the procedure for genetic transformation of N. crassa. In this approach, a gene is isolated by successive rounds of transformation of a strain of N. crassa, using pools of plasmid DNAs which are progressively reduced in complexity until a single candidate clone is identified. This strategy obviates the need to recover transforming DNA from a transformant. In this paper, we describe the construction of a genomic DNA library for N. crassa that brings together three further improvements for cloning by sib selection: first, the use of a cosmid vector to harbor large N. crassa DNA inserts; second, the incorporation of the dominant selectable gene of N. crassa conferring benomyl resistance (42) (Fig. 1) was constructed from pJB8 (22) . Plasmid pJB8 was digested with BamHI, and a Bgl II linker was introduced by conventional methods. The resulting plasmid was designated pMO24. The procedure generated BamHI sites on each side of the new Bgl II cloning site (Fig. 1) . The 2.6-kbp Sal I fragment from pBT3, which contains the gene for a benomyl-resistant form of N. crassa 1-tubulin (42) the ligation mixture were treated with X packaging extracts, and the resultant packaged cosmids were introduced into E. coli DH1 as described (25) . Approximately 100,000 ampicillin-resistant colonies were recovered per kg of input DNA. "Mini-prep" screening (22) (vol/vol) glycerol. A total of 3072 clones were preserved in 32 microtiter dishes, which were stored at -800C. The Proc. Nadl. Acad. Sci. USA 83 (1986) colonies used to inoculate each vertical row of eight wells were also individually streaked onto sectored 100-mm Petri dishes containing LB agar medium with 0.2% (wt/vol) glucose and 100 ,ug of ampicillin per ml. The Petri dishes were incubated overnight at 370C and then flooded with 1 ml of a 4-mg/ml suspension of chloramphenicol in H20. Amplification was carried out at 370C for 12 hr. The cultures from each plate were resuspended in 3 ml of 50 mM glucose/25 mM Tris Cl, pH 8.0/10 mM Na2EDTA and were stored at -200C. Cosmid DNA fractions suitable for use in transformations of N. crassa were prepared from the eight-clone pools by "scaling-up" the "mini-prep" procedure (22) (27) plus any necessary supplements. The conidia were washed twice with sterile water, and the yield was quantitated by counting in a hemacytometer. Conidia (2 x 109) were germinated at 30'C for 4-6 hr in flasks containing 150 ml of Vogel's minimal medium (28) with 1.5% sucrose and any necessary supplements. The flasks were shaken at 200 rpm. After harvesting and washing, the germinated conidia were suspended in 10 ml of 1 M sorbitol and were placed in a 250-ml flask. Four milliliters of filter-sterilized Novozym 234 (5 mg/ml, lot no. PPM1530, prepared in 1 M sorbitol) was then added. After 1 hr of incubation at 30'C with gentle agitation, the spheroplasts were washed twice in 50 ml of 1 M sorbitol and once in 50 ml of 1 M sorbitol/50 mM Tris Cl, pH 8.0/50 mM CaCl2. The spheroplasts were brought up to 16 ml with 1 M sorbitol/50 mM Tris Cl, pH 8.0/50 mM CaCl2, and 4 ml of 40% (wt/vol) PEG 4000/50 mM Tris Cl, pH 8.0/50 mM CaCl2 and 200 ,u of dimethyl sulfoxide were then added. One milliliter of suspension contained, nominally, 108 spheroplasts. Spheroplasts were stored at this stage, at either -20°C or -80°C, in convenient portions (e.g., 1-to 4-ml aliquots). Stored at -80°C, spheroplasts remain viable and competent for DNA uptake for at least 6 months. The efficiency of spheroplast production was 95-99%, as determined by tests of osmotic sensitivity, though the recovery of viable colonies was usually <20% of the nominal spheroplast yield. Transformation frequencies were in the range 8000-25,000 transformants per ,ug of input DNA, using pBT3 and selecting for resistance to benomyl.
Transformations using any of the three complexity levels of cosmid DNA involved the mixing of 5 ,ul of DNA solution (1-2 ,g of DNA) with 2 ,ud of 50 mM spermidine3HCl, followed by the addition of 5 A1l of heparin solution (5 mg/ml in 1 M sorbitol/50 mM Tris Cl, pH 8.0/50 mM CaCl2), and placing the mixture on ice. Spheroplasts were thawed either on ice or at room temperature; 100 ,u1 (-107 spheroplasts) was added to the DNA/spermidine/heparin mixture, and the resulting suspension was placed on ice for 30 min. This was followed by the addition of 1 ml of 40% PEG 4000/50 mM Tris Cl, pH 8.0/50 mM CaCl2 and a 20-min incubation at room temperature (3). The spheroplasts were mixed with 15 ml of regeneration agar (3) and poured as a layer onto plates containing 25 ml of selective agar medium; benomyl, when present, was only in the bottom agar, at a concentration of 0.5 ,ug/ml. DNA Hybridization and Autoradiography. Hybridizations were carried out at 42°C for 16 hr. Nick-translated DNAs (ref.
29; specific radioactivities from 2 x 108 to 5 x 108 cpm/,tg) were used at =4 X 105 cpm/ml. The hybridization mixture contained 40% (vol/vol) formamide, 20 mM Tris Cl (pH 7.5), 0.6 M NaCl, 60 mM sodium citrate (pH 7.0), 0.1% NaDodSO4, 0.02% bovine serum albumin, 0.02% Ficoll 400, 0.02% polyvinylpyrrolidone, 10% (wt/vol) dextran sulfate (sodium salt), 40 mg of denatured sheared salmon sperm DNA per ml, and 0.25% (wt/vol) non-fat dry milk. Filters were washed twice at room temperature in 0.3 M NaCl/0.03 M sodium citrate, pH 7.0/0.1% NaDodSO4/0.25% non-fat dry milk (30) and then twice for 30 min each at 65°C in 15 mM NaCl/1.5 mM sodium citrate, pH 7.0/0.1% NaDodSO4.
Autoradiography using Kodak XAR-5 film was carried out at -80°C with intensifying screens or at room temperature. The genome of N. crassa is estimated to be 27,000 kbp in complexity (1). The genes (rDNA) encoding ribosomal RNAs are thought to account for most of the 8% of the genome that is repetitive DNA (31, 32) . Assuming an average insert size of 40 kbp for the cosmid inserts, the chance of any given sequence of the N. crassa genome being contained in the library is calculated to be at the 99% confidence level (33) . As a test of the uniform representation of the genome in the library, the colony filter replicas were hybridized with 32P-labeled rDNA sequences. (The rDNA was isolated from one of the cosmids examined in the initial screening of transfected cells.) Autoradiography of the filters revealed the presence of71 clones (2.3% ofthe total) that contained inserts derived from the rDNA repeat on linkage group V left (ref. 32 ; data not shown). The underrepresentation of these sequences may be due to a bias in picking the original clones into the library: clones containing large inserts of rDNA were observed to grow very slowly. Alternatively, there may be an anomalous frequency of Sau3A1 sites within the rDNA repeat unit. A rather qualitative demonstration of the uniform representation of sequences in the library is seen in the fact that we have identified at least one clone for each of the genes that we have sought (see below). We have not determined to what extent, if any, sequences derived from the mitochondrial genome are present in the library.
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Transformation and Sib Selection. The first-level (96-clone) cosmid pools were tested for their overall frequencies in transforming N. crassa. Benomyl resistance was used as the selectable marker (42) in transformations of spheroplasts of strain 74-OR23-1A. The number of transformants recovered ranged from 400 to 1000 per ,ug of input DNA. The same spheroplasts were transformed to benomyl resistance with CsCl-purified pBT3 at a frequency of ==15,000 per ,ug of DNA. The results correspond to an efficiency of transformation (i.e., the percentage of viable cells that are transformed) of 1-2%. We found that it was necessary to add excess spermidine to the cosmid DNAs so as to prevent precipitation of spheroplasts by the DNA fractions. We do not know whether the precipitation is due to the relatively large size of the cosmids, the DNA concentration, or the presence of contaminating substances in the DNA pools. The presence of spermidine in standard transformations actually enhances the frequency of transformation by as much as 50%. Sib selection using this library is quite rapid. The phenotypic selections used were always for resistance to benomyl in addition to those provided by the gene of interest. In practice, plates containing transformants could be identified within 30 hr of plating the spheroplasts. The storage of the 96-clone pools and the 8-clone subpools as solutions of DNA allows the identification of candidate single clones in as little as 1 week. We have used this basic strategy to clone a number of genes ( Table 1) . As an example of the use of this library, the cloning of the structural gene for tryptophan synthetase, trp-3, is described in detail.
Cloning of £p-3. Tryptophan synthetase is encoded by the trp-3 (formerly td) locus of N. crassa (2) . A wealth of information regarding this gene and enzyme has been accumulated. The enzyme has been studied with regard to its mechanism of action (34, 35) and its physiological regulation (36) . The trp-3 locus also provided one of the first clear examples of the use of intragenic three-point crosses to construct a fine-structure genetic map of a eukaryotic gene (37, 38) . We felt that the cloning and sequencing of this gene would provide the basis for understanding the structural features of the encoded multifunctional enzyme. This enzyme and its specifying gene(s) have been studied in many organisms. This result confirms the hypothesis that pSV50-5:4G derived its insert material from the chromosomal region containing trp-3.
The trp-3 gene was subcloned from pSV50-5:4G by using a strategy that takes advantage of the relatively high frequen- and used to transform strain trp-3 (td24) to benomyl resistance and tryptophan independence. All these treatments, with the exception of that by Xho I, resulted in <10% of the transformation frequency observed with untreated DNA ('-200 colonies). The products of Xho I digestion gave a transformation frequency 85% ofthat seen in the control. The products of digestion of 40 (38) . Other Uses of the Library. Table 1 lists a number of other genes that have been isolated in this laboratory by use of the sib-selection strategy and this library. The selections used for all of these functions were straightforward, and more complete descriptions of their isolations will be reported elsewhere. It seems likely that any gene for which a suitable mutation exists should be selectable or detectable using this library and the procedures we have described.
The availability of the ordered library makes it relatively easy to use colony hybridization to identify clones of interest. Thus, we have identified more than 70 clones that contain portions of the rDNA repeat of N. crassa. Screening of these clones may well identify insert sequences that span the junctions between repeated and unique sequences. It should also be possible to identify clones with sequences homologous either to genes from related organisms (e.g., Aspergillus nidulans) or to synthetic probes. Preliminary experiments have shown that this library is also well suited for use in "chromosome-walking" (identification by clone overlap) strategies. The average insert size (40 kbp) should approximate 1.5 genetic map units (2) . As applied in studies with other organisms, chromosome walking should facilitate the isolation of genes or other genomic sequences whose functions are not directly selectable in transformations or for which a closely linked gene has already been isolated.
Finally, we feel that the overall strategy described herein is adaptable to a large number of organisms. This system is optimally suited for organisms that are sensitive to benomyl and in which the N. crassa P-tubulin gene is expressed.
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